Abstract: This study presents a governing equations of bending behavior of anisotropic sandwich plates with multi-layered laminated composite faces. Based on zig-zag models for through thickness deformations, the shear deformation of composite faces is included. All edges of plate are assumed to be simply supported. Results of the bending analysis under lateral loads are presented for the influence of various lay up sequences of antisymmetric angle-ply laminated faces. The accuracy of the approach is ascertained by comparing solutions from the sandwich plates theory with composite faces to the laminated plates theory. Since the present analysis considers the bending stiffness of the core and also the transverse shear deformations of the laminated faces, the proposed method showed higher than that calculated according to the general laminated plates theory. The information presented might be useful to design sandwich plates structure with polymer matrix composite faces.
Introduction
Recently, the composites sandwich bridge superstructures as a potential solution to the problem due to the material's superior properties has been increased for the renewal of the deteriorated bridge with rapid construction and minimum disruption to public traffic (Ji et al., 2010) . The advanced composites have advantages, such as high strength or stiffness per unit weight, fast construction and easy installation (Park et al., 2012) . The sandwich plate is constructed by combining two pieces of plate with high stiffness and light one with a thick core material. The progress in material science and production techniques has led to wide application in the manufacturing of sandwich plate structures. Researches related to the sandwich structure have been conducted since 1940 (Livbove et al., 1948) . In the history of theoretical analysis, the face layers of the sandwich plate were first assumed to be membranes with no bending stiffness by Reissner (Pagano, 1972) , and the governing equation was derived by him. For the face plate, the classical plate theory ignored the strain of the core in the direction of the thickness in order to derive the governing equation. The effect of transverse shear strain was further considered by Whitney (1973) and Pagano (1972) by employing the Mindlin Theorem. Owing to the existence of a vast literature on isotropic faces sandwich plates, this study is limited to sandwich plates having laminated composite faces. There has been interested in the analysis of sandwich plates having generally metal, polymer laminated composite faces. A series of such analyses using the energy method was conducted by Rao and Kaeser and Rao (Mallikarjuna et al., 1993) . However, they only considered shear deformation of the core.
The objective of this study is to present a formulation of governing equation for a general sandwich plates with laminated composite faces including individual effects of transverse shear deformation and bending stiffness. The obvious choice to model sandwich plates with thick laminated composite faces is a zig-zag deformation presented by Allen (1969) . The present model is a development of the Allen zig-zag model (Allen, 1969) . By including transverse shear deformations of the laminated composite faces, current method will be capable of analyzing thick laminated plates, general anisotropic sandwich plates. The results analyzed by present model will be compared with analytical solutions. (1.c-3)
where u, v, w are the displacement of the mid-surface in the x, y, z axes, and θ x , θ y are the rotation angles of the xy and yz-plane caused by flexure and t , h are the thickness of composite faces and core, while the subscripts 1, 2, 3 denote the upper face, core, and lower face, respectively. The strains in terms of the displacements are given by the usual expressions: 
giving for the upper face
Similar expressions are obtained for the lower face and core. We assume that Hooke's Law is valid and the constitutive equations are given by: 
in which Q terms are the usual stiffness coefficients.
Integrating the stresses through the thickness of each component, we get the inplane forces and moment resultants for the upper face, core, and lower face in the form: 
The shear stress resultants are given by:
where [A] is the extensional stiffness matrix, [B] is the extensional-bending coupling stiffness matrix, [D] is the bending stiffness matrix. ( i,j=1,2,6 )
where 1, 2, and 3 refer to upper face, core and lower face, respectively. The strain energies of the upper face, core, and lower face are given by:
where i=1,2,3 refers to upper face, core, and lower face, respectively. The corresponding shear strain energies are:
where U fbi and U fsi are bending and shear energies of upper face, core, and lower face. Substituting equations (2) and (3) into equations (8) and (9) we get a long expression for total strain energies of the upper face, core, and lower face. The total internal energy is then
External energies due to the lateral loads are given by the equation:
The total potential energy is the sum of internal energies and external energies:
Governing equation
Here we use the principle of virtual displacements to derive the governing equations appropriate for the displacement field in equations (1) and constitutive equation in equations (4). Therefore, the application of the principle of total potential energy gives nine governing equations (Reddy, 1984) .
These nine governing equations are given below.
We will analyze a rectangular plate with length a and width b. The edges of the plate are assumed to be simply-supported such that shear deformations are prevented in the cross-sectional planes around the edges. The boundary conditions of such a plate are idealized as:
For essential boundary conditions given equation (14) 
Matrix [K] is the coefficient matrix, { δ } and {F} refer to the displacement vector and load vector.
Numerical examples
A rectangular composites sandwich plate with length a and width b will be analysed as shown Fig. 2 The thickness of face and core in the Fig. 2 is t, h. The material properties of faces and core are indicated in Table 1 . The problem was solved using a series which exactly satisfied the boundary conditions. 
The analysis results presented in this study are illustrated in Table 2 , and Fig. 3 for the square laminated plates with two layers [0/90] . The accuracy of the current method is ascertained by comparing the solutions from the sandwich plates theory with composite faces based on the zig -zag model (Allen, 1969) to the results of the classical laminated plates theory (CPT).
The present results considered the bending stiffness of the core and also the transverse shear deformations of the laminated faces are higher than those calculated according to the first order shear deformation theory (FSDT) (Ji et al., 1996) , higher order shear deformation theory (HSDT) (Ji et al., 1998) shown in Table 2 , Fig.  3 . There are particularly significant difference for ratio a/h 〈 5 as shown in Table 2 . Therefore, current method will be consistent with the results as apply this method for the thick laminated plates. The analyzed results are higher than that calculated according to the first order shear deformation theory, and higher order shear deformation theory shown in Fig. 4 . Table 3 , and Fig. 5 show the comparison between the present theory and classical sandwich theory. The classical sandwich theory considers only transverse shear deformations of the core. The bending stiffness of the core is excluded, since it was assumed that the core is very flexible. Ji et al.(1996) p r e s e n t 4 1 1 .7 3 4 9 7 .8 8 5 0 5 1 1 .7 3 4 9 7 .8 8 5 0 1 0 4 .4 2 4 7 3 .1 8 2 0 2 0 2 .2 1 6 1 2 .8 4 6 6 2 5 1 .9 3 2 1 1 .6 6 9 4 1 0 0 1 .4 4 8 2 1 .3 5 2 2 
Conclusions
The governing equations for bending analysis of composites sandwich plates with thick laminated faces based on zig-zag model are derived. In this study, results of the bending analysis under lateral uniform loads are shown for the composites sandwich plates with laminated faces. For the validation of this study, the present analysis was used for the general laminated plates.
The current analysis result presented in this study shows higher than one by the first order shear deformation, but smaller than one by the higher order shear deformation theory in the laminated plates. As apply the present method to investigate the bending behavior of laminated plates, it is necessary to divide the laminated plate's thickness into three components, namely upper face, core, and lower face. The thickness of each component is arbitrary. The information presented in this study might be useful to the design of the composites sandwich plates with laminated faces. And since the present analysis considers the bending stiffness of the core and the transverse shear deformations of the laminated faces, it is expected that the analysis method is capable to analyze the general laminated plates considering shear deformations.
